To test the hypothesis that ammonium uptake by coral reefs is mass-transfer limited and to determine the relative effects of water velocity and community roughness on uptake, we measured the rates of ammonium uptake by reefs at velocities ranging from 3.3 to 37.5 cm s-I. Two assemblages of coral rubble (relatively rough and relatively smooth) and two assemblages of live coral (Porites compressa and Pocilloporu dumicornis)
ents from the water column to coral reefs at the community scale (Atkinson and Bilger 1992; Bilger and Atkinson 1992) .
Atkinson and Bilger demonstrated that both phosphate (Atkinson and Bilger 1992) and ammonium uptake (Atkinson et. al 1994; Bilger and Atkinson 1995) by coral reefs are positively correlated to water velocity. Rather than considering the effects of individual organisms on transport, they treated the benthos as a rough surface and applied empirically derived correlations of heat and mass transfer to establish parameters for nutrient uptake. By establishing parameters in this way, it is possible to estimate nutrient uptake rates at the spatial scale of the whole community rather than at the scale of individual organisms.
According to engineering studies, which describe heat and mass transfer in nonbiotic systems, if nutrient uptake is limited by rates of mass transfer, it should depend on nutrient concentration, fluid velocity, nutrient diffusivity, and the geometry and roughness of the surface. Empirically derived relationships indicate that for a fixed change in the important parameters, such as a doubling in concentration or fluid velocity, a change in nutrient concentration will have the largest effect on uptake followed by water velocity, nutrient diffusivity, and finally geometry and roughness of the surface (see equations in Table 1 and Kays and Crawford 1993) . Furthermore, if uptake parameters are established in terms of the Stanton number (a dimensionless index that is the rate of flux of a compound or heat to the surface divided by advection past the surface; see Bilger and Atkinson 1992; Dade 1993; Kays and Crawford 1993) , such numbers calculated from experimental data can be compared with those calculated from equations empirically derived by engineers for nonbiotic surfaces. The mass-transfer limitation hypothesis will be supported if experimental Stanton numbers for the reefs agree with those calculated from engineering equations and if these experimental Stanton numbers are affected by nutrient concentration, water velocity, and reef roughness as predicted by engineering equations.
In this study, we test the hypothesis that ammonium up-81 take is mass-transfer limited and determine the relative effects of roughness and water velocity on ammonium uptake by coral reefs. We also compare Stanton numbers calculated from experimental data with those calculated directly from engineering equations.
Background
Nutrient uptake into a coral reef can be described by the equation (see Bilger and Atkinson 1992) m = StU,(C, -C,.).
m is the rate of transport of the nutrient to the surface per unit of planar surface area of the reef (mol m-* s-l), U,, is the bulk velocity of water over the reef, C, is the bulk concentration of the nutrient in the water, C, is the concentration of the nutrient at the reef surface, and St is the Stanton number. Sts are determined and maximal when C, = 0. St is a function of the Reynolds number (Re, Eq. 1, Table I ) of flow past the surface, Schmidt number (SC, Eq. 2, Table  1 ) of the compound (a number that is the kinematic viscosity of the fluid divided by the diffusivity of the compound in that fluid), roughness height (k'), water depth (h), and surface geometry of the reef [St = f(Re, SC, k', h, surface geometry); Kays and Crawford 1993; see Bilger and Atkinson 1992 and Dade I993 for review] . Phosphate uptake by reefs has been shown to be a firstorder reaction (Atkinson 1987) . The first-order rate constant for nutrient uptake can be determined for assemblages of reef organisms in experimental flumes by measuring changes in the concentration of nutrient in the flume over time. The first-order rate constant (k) is the slope of In C, vs. time (t) (Atkinson and Bilger 1992) . Normalizing k for flume volume (V) and reef surface area (A) yields the nutrient uptake rate constant (S) for a reef (S = kV/A; Bilger and Atkinson 1995). Thus, m = SC,,. If nutrient loading is not large, water flow in the flume is fully turbulent, and C,+, is near 0, then S should be directly proportional to Uj>o.8 (Bilger and Atkinson 1995) . In this case, St for mass transfer of the nutrient to the reef can be calculated directly from S and U, (St = S/r/,).
Experimental approach
To establish the dependence of ammonium uptake on water velocity and roughness of the reef surface, WC measured uptake rate constants over a range of water velocities for assemblages of coral reef flat organisms that differed in roughness and composition (Fig. 1) . We quantified roughness as the mean height, t SD of height, and topographical relief of the benthos. In this case, we define roughness as the large-scale morphology of the reefs rather than smallscale surface roughness because the larger scale roughness has the greatest effect on the friction coefficient (cr>. The Lo represents the total drag imposed by a surface on the fluid moving over it. This drag produces a shear stress on the rough bottom that in turn affects turbulence in the fluid. An assemblage of coral reef organisms has a complex geometry and multiple scales of roughness; thus, it is difficult to prediet c?s from existing engineering studies of less complex surfaces. Therefore, for our experimental assemblages, we measured the slope(s) of the water surface to calculate a c, for each assemblage over a range of U,, (Eq. 3, Table 1 ). We used these coefficients to calculate expected Stanton numbers (St,) engineering equations (Eq. 4 and 5, Table 1 ) of heat and mass-transfer to rough surfaces and compared these numbers with those experimentally derived (as described above, St = S/U,). Measurements were conducted on assemblages of coral rubble and single coral species (Fig. 1 ). Assemblages were selected so that they would differ in mean height, topography, and composition. These included coral rubble assemblages with high relief (HR) and with low relief (LR). Rubble assemblages were comprised of dead coral rubble, corals, coralline algae, attached microalgae, and all associated cryptofauna, epifauna, and epiphytes. The two assemblages of coral were: Porites compressa (PC) and Pocillopora damicornis (PC,). These assemblages were comprised of heads of coral and (associated cryptofauna.
Methods
Height above the substratum was measured to the nearest 1 mm evel-y 1 cm along two transects for each assemblage. The mean?SD and maximum height of each assemblage were calculated from these measurements. Topographical relief of each reef was estimated by laying a chain (link length, 0.5 cm) along the surface of the reef and calculating the ratio of the length of this chain to the planar length of the assemblage (Loya 1978) .
Friction coejficients-C,.s for coral reef assemblages in the flume were calculated from U, and the slope (s) of the water abov*e the assemblage (Eq. 3, Table 1 ). U, in the flume was varied from 3.3 to 58.0 cm s-l. This range represents Reynolds numbers between 36 and 642X 10". Reynolds numbers were calculated in this way so that Cfs of reefs could be compared with engineering studies of mass transfer in pipe flow (Bilger and Atkinson 1992) . U, was measured by timing a drogue as it passed over the full length of the assemblage. For each measurement of Lo, U,, was measured 10 times and the mean of these measurements was used in the calculation of cp The C.V. in the measurement of U,, (SD/ mean velocity for n = 10 velocity measurements) was 4.5% and ranged from 0.8 to 1 I .O%.
The slope of the water height (s in Eq. 3) was determined by measuring the slope of the water surface. Two small holes (0.2 mm) were drilled in the bottom of the flume 6.2 m apart, one at the beginning of the assemblage and one at the downdiffel dowr a Yer m end of the assemblage. Tygon tubes were attached to holes and brought to the height of the flume edge. The tance between the two sampling holes (6.2 m) is -ence in fluid height of the water in the upstream and Height was measured three times for each U,. The lstream tubes was measured to the nearest 0.1 mm with was 9% and ranged from 1 Lo 24%. The greatest was at velocities <5 cm s '. Errors at velocities 3 nier scale. The difference in height divided by the diswere < 12%. The mean of the three measurement:
>5 cl7 i of s Table I . Equations used in this paper.
Reynolds number Re = C/,4hlv Schmidt number the mean of the 10 measurements of U, were used in the calculation of a cl at each U,.
Uptake of ammonium-Uptake-rate constants of ammonium for the four reef assemblages were measured between August and October 1993 for water velocities of 3.3-37.5 cm s-l. Before each experiment, the walls of the flume were scrubbed to remove any algal spores. The flume was drained and refilled with fresh seawater. Experiments were conducted no more frequently than every other day to avoid effects of high nutrient loading, because Stanton numbers calculated from uptake rates measured under very high nutrient loading are lower than the true Stanton number, which is defined for the mass-transfer limited case (C," = 0; see Bilger and Atkinson 1995) . The water in the flume was spiked with 200 ml of 26 mM N as (NH&SO, over a 3-min period with a 150-m] syringe. The water was then allowed to circulate in the flume for 15 min before sampling began. For each experiment (and for the empty flume as a control), 6-10 water samples were taken to measure C, of ammonium. A subsample of water from the flume was siphoned into a bucket for 15-45 min, depending on the velocity of water flow within the flume. This technique provides an average concentration over the sampling period and alleviates any noise in the data due to patchiness in nutrient concentration. The water in the buckets was then subsampled with a 150-ml syringe; the water sample was passed through a GF/C in-line filter into a Nalgene bottle. The water samples were placed in a freezer within 5 min after sampling.
Comparison of measured and expected. Stanton numbers---Stanton numbers were calculated for each uptake rate constant and then compared with St,s. St,s were calculated with equations empirically derived from data on heat transfer to rough surfaces (Table 1, Eq. 4 and 5; Dippery and Sabersky 1963; Kays and Crawford 1993) . The use of these equation:; for estimating rates of mass transfer to benthic communities have been discussed by Bilger and Atkinson (1992) and Dade (1993) .
Results
The maximum height of the four assemblages ranged from 0.062 m for the LR assemblage to 0.185 m for the PC assemblage (Table 2 ). The mean cp for the assemblages were positively correlated with maximum height, SD, and topographical relief of the benthos (Table 2) . cjs for these assemblages ranged from 0.033 to 0.264 (Fig. 2) . The single species assemblage of PC had the highest cj, followed by HR, PD, and finally LR. c,s of the assemblages were highest at the lowest Reynolds numbers. Increases in cr were particularly apparent in the two assemblages of corals.
The c+; measured from the slope in water depth exceed those estl mated with equations from engineering literature (Eq. 6, Table 1; Haaland 1983; see Bilger and Atkinson 1992) by 2.9-l 3.9 times (mean, 5.5 times; n = 32). cjs calculated with Eq. 6 were 0.017 for HR, 0.012 for LR, 0.0 19 for PC, and 0.018 for PD if mean height of the community is used for ks (the equivalent sand roughness). The measured cf for the empty flume was 0.01 at a Re of 20X I 04, which is the same as that predicted by Eq. 6 for k, = 0 (see Kays and Crawford 1993) . NH, i was measured on a Technicon II Auto Analyzer with The S I'or each community was positively correlated with modified standard Technicon industrial methods (Walsh water vell2city (Fig. 3) . The regression of log S vs. log U,> 1989). The ammonium concentrations ranged from -10 PM for all the data in Fig. 3 is log S = 0.6 log U, -3.6 (r* = to CO.5 PM over the course of each experiment. The first-0.73; S -U,,0.6). If the two points for the branching corals at order rate coefficient for each experiment was determined low velocity are removed from the dataset, however, the refrom the slope of In C, vs. t (see background). This rate gression becomes log S = 0.8 log U, -3.5 (r* = 0.939; constant was then normalized for the ratio of water volume S-U,0.8), which is consistent with the expected exponent of to planar surface area of the reef (V: A) to obtain S. Values 0.8 for mass transfer in turbulent flow. S for the empty flume of V: A for the different assemblages were 0.58 m for HR, was ~2% of the lowest S measured for the communities. WC are confident that nutrient loading (history of nutrient uptake, as by Bilger and Atkinson 1995) was not a factor in these experiments because the slope of S-l vs. Uh+j (Fig.  4) 
passes through the origin (see Bilger and Atkinson 1995).
If nutrient loading is a factor, the concentration at the wall is not zero (C,,, # 0). This increase in C, dots not change the slope of S-l vs. U1)-O.*, but the intercept is shifted up due to decreased rates of uptake. Therefore, under high nutrient loading a regression of S-l vs. Uj,-o.8 does not pass through the origin. Because our data pass through the origin, Stanton numbers calculated from measured S should be close to those expected when uptake is mass-transfer limited and are not influenced by nutrient loading. Three points do deviate from the expected regression through the origin. The point for the LR assemblage at low velocity lies above the line. However, this point represents a very low S that has relatively large C.L.s, and the regression through the origin lies within the 95% C.L. for this point. Two points for the corals lie below the regression line through the origin, and the 95% C.L.s for these values are well below the line, indicating that S is enhanced above expected values for these two points.
The Stanton numbers calculated from uptake-rate coefficients for these four assemblages ranged from 360 to I ,846X 10-O (Table 3 ). The highest Stanton numbers were calculated for the branching corals at the lowest velocity. St,s were within 80% and were positively correlated (P < 0.01) with Stanton numbers calculated from measured uptake rates (Table 3, Fig. 5 ). The mean ratio of measured to expected Stanton numbers was 0.84kO.26 (95% C.L. = 0.176, n = 14).
Discussion
The cfs of the four coral reef flat assemblages are higher than those reported for engineering surfaces (Kays and Crawford 1993) and exceed those predicted from equations developed from engineering studies (Eq. 6, Table 1 ). It is not surprising that these complex biological surfaces have higher crs than those measured for more regularly rough surfaces used in the engineering studies. Many factors enhance css, including the presence of concave projections (Kays and Crawford 1993) , which are prevalent on the reef surface. It is clear that the equations used by Bilger and Atkinson (1992; Eq. 6, Table 1) to estimate C~S for these assemblages are not accurate for this type of roughness. Indeed, if Eq. 6 is solved for k,T of the assemblages and measured cfs are used Fig. 3) . The slope of a regression through these points should pass through the origin if ammonium uptake is mass-transfer limited and nutrient loading is minimal (see Bilger and Atkinson 1995) . Expected slope for the mass-transfer limited case indicated by the dashed line; 95% C.L. for three points indicated by solid line. Table 3 . Nutrient uptake by four coral reef assemblages: high relief rubble (HR), low relief rubble (LR), Porites compressa (PC), and Pocilloporu dumicornis (PD). U, (m s-l) is the bulk water velocity, c, is the friction coefficient, Re, is the roughness Reynolds number, Re (1Oj) is the Reynolds number, S (1 Op6 m s-I) is the uptake rate coefficient, upper (IO-" m s-l) is the upper range and lower (lo-" m s -I) is the lower range of the 95% C.L. of the regression to obtajn S. St (lo+) is the measured Stanton number and St, (10 ") is the expected Stanton number calculated from Eq. 4 and 5 (Table I) At flow velocities >5 cm s-l, c,s of the reefs were relatively independent of flow velocity. This result is consistent with engineering literature on c,s in fully rough flow (Kays and Crawford 1993) . Interestingly, however, at velocities <5 cm s--, the cp measured for the two species of corals in- creased with decreasing velocity. This is the same range in water velocity where nutrient uptake by these reefs was enhanced above expected values (Fig. 4) . It is probable that a similar mechanism accounts for both the high rates of nutrient uptake and high CJS at low velocity. A possible explanation is that the flow within the coral branches is not fully turbulent. Engineering studies indicate that c,s are higher for rough surfaces when the flow over the surface is laminar. At the Reynolds numbers calculated for these experiments, the flow over the reefs should be fully turbulent; however, within the branches there may be regions of laminar flow, which could account for the high c,s. Expected St,s calculated with Eq. 4 and 5 were within 80% of the measured Stanton numbers over the entire range of velocities for all four communities. Even with estimated cp (estimated with Eq. 6, Table l), St,s (with Eq. 4 and 5) are within 30% of measured Stanton numbers. Despite this relatively good agreement between expected and measured Stanton numbers, it is probable that the prediction of Stanton numbers from engineering correlation can be improved further. For example, the coefficient of 5.19 in Eq. 5 is expected to be a function of characteristics of the rough surface and should vary among surfaces (Dippery and Sabersky 1963) . If this number is allowed to vary from 5 to 8 among assemblages, the slope of the relationship between St, and St is -1. We also estimated bulk velocity by timing a drogue as it passed over the assemblages. This technique overestimates bulk velocity, which may account for the lower than ex- A larger dataset from a range of reef assemblages would allow the establishment of the relationships between these parameters.
Atkins,on and Bilger (1992) found that measured Stanton numbers for experimental reef communities and for the field were higher than those predicted by engineering theory. However, they used a different set of equations to calculate St,s than those used in the present study. It is evident that Eq. 4 and 5 approximate measured Stanton numbers for ammonium uptake by these reef assemblages better than the equations used by Atkinson and Bilger. If St,s for the present experiments are calculated with the equations used by Atkinson and Bilger, they are 4-10 (mean, 6.4) times less than measured Stanton numbers. There is also no positive correlation between measured and expected Stanton numbers (Fig. 5) . These results are very similar to those of Atkinson and Bilger (1992) , who found that St,s were 6 times smaller than measured Stanton numbers. The likely explanation for the better estimation with Eq. 4 and 5 is that these equations were derived from data that cover the range of roughness relevant to the reef assemblages, whereas those used by Atkinson and Bilger were derived from data for much smoother surfaces. The Stanton numbers calculated for ammonium uptake from our experimental data are based on the assumption that C,,, = 0. If this is not the case, the true Stanton numbers for ammonium uptake by these biological surfaces could be higher than our calculated values. However, we think it is unlikely that C,, is some significant fraction of C,, because communities show consistent ammonium uptake rates when nutrient loading is relatively low (Bilger and Atkinson 1995) and St r St,. To validate the use of Eq. 4 and 5 to predict nutrient uptake into coral reefs or into other benthic systems, it is important to verify that C,, << C,. If the agreement between the St and St, (from Eq. 4 and 5) is correct, largescale shapes and morphology dictate mass transfer to communities of organisms, not small-scale roughness features on organisms. This deduction is supported because the largescale shapes and morphology of the reef primarily determine the friction imposed on the water moving over the reef (the cJ, and the cs coefficient is a major determinant of the St. Furthermore, because St = St,, it is unlikely that the active pumping of organisms disrupts the diffusive boundary layer to a measurable extent. Thus, the ecologically important parameter for exchange of metabolites between benthos and water is the cs, not biomass or some arbitrarily defined surface area.
One of the striking results of this research is that uptake rate coefficients differ relatively little among assemblages at a given velocity, except at the very lowest velocities. For velocities >5 cm s-l, there is only a 1.3-fold difference in uptake rate between assemblages despite a 3-fold difference in height of the assemblages. Although this small effect of community roughness may seem surprising, it is consistent with engineering literature for mass transfer to rough surfaces and with our hypothesis that nutrient uptake is masstransfer limited. For example, the empirically derived relationships of mass transfer to rough surfaces represented by the equations in Table 1 indicate that if a process is masstransfer limited, concentration should be an important factor and uptake should be directly proportional to concentration. Also, uptake should be proportional to water velocity to the 0.8 power and diffusivity of the compound to the 0.44 power. Finally, surface roughness should have an effect on uptake, but this should be less than the effect of water velocity and should be a complex relationship based on height of the roughness elements and the cf of the surface.
These results lead to several conclusions: that the dependence of ammonium uptake on water flow in these four very different coral reef assemblages is consistent with the hypothesis that uptake is mass-transfer limited; that roughness of coral reefs does not play the major role in determining nutrient uptake rates at velocities >5 cm s-j, although branching corals have enhanced uptake at very low velocities; and that nutrient uptake by coral reefs is not anomalously high, as reported by Atkinson and Bilger (1992) , but can be directly estimated from engineering correlations when equations derived for heat transfer to very rough surfaces are used to calculate uptake. Thus these results indicate that although the morphologies of individual organisms influence transport to themselves and to their neighbors, the combined roughness of many organisms has relatively little effect on mass transfer to the whole community at water velocities >5 cm s-l. However, at low velocities this combined roughness seems to have a larger effect than that expected from engineering correlation of mass transfer to rough surfaces.
Finally, these results indicate that nutrient uptake by coral reef communities is largely forced by external physical factors. Concentrations of nutrients, water velocity over the reef, and reef topography control productivity if we assume nutrient uptake is positively correlated to gross community productivity. This role of physical factors in reef productivity may well explain why reef communities grow faster at the margins where water flow velocity is highest.
